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Abstract

:

This study focuses on the development of an alkali-activated lightweight foamed material (AA-LFM) with enhanced density. Several mixes of tungsten waste mud (TWM), grounded waste glass (WG), and metakaolin (MK) were produced. Al powder as a foaming agent was added, varying from 0.009 w.% to 0.05 w.% of precursor weight. Expanded granulated cork (EGC) particles were incorporated (10% to 40% of the total volume of precursors). The physical and mechanical properties of the foamed materials obtained, the effects of the amount of the foaming agent and the percentage of cork particles added varying from 10 vol.% to 40% are presented and discussed. Highly porous structures were obtained, Pore size and cork particles distribution are critical parameters in determining the density and strength of the foams. The compressive strength results with different densities of AA-LFM obtained by modifying the foaming agent and cork particles are also presented and discussed. Mechanical properties of the cured structure are adequate for lightweight prefabricated building elements and components.
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1. Introduction


Ordinary Portland cement (OPC) is commonly the basis of traditional construction to produce concrete and mortars. Concrete is the second most used substance on Earth, after water, and it is considered one of the most significant sources of greenhouse gas pollution [1]. Approximately 10% of global CO2 emissions are caused by building products in which, cement (OPC) accounts for approximately 85% [2].



Cement manufacturing from slag was already used for the alkali-activated binding systems back in 1895. One of the first types of binding system was blast furnace slag (Si + Ca) with a mild alkaline solution and with CSH as the main reaction product [3]. Many researchers have been conducting studies to create an alternative cementitious material to the conventional Portland Cement [4,5]. By using clays and alkaline metal solution, Victor Glukhovsky prepared, in 1957, low-calcium and/or calcium-free cementitious materials, calling “soil-cement” to the resulting investigation of these alkali-activated materials [6]. Many formulations using a wide range of materials, including blast furnace slag, clay, aluminosilicate rocks and fly ash, are followed this early investigation [7].



In 1981, Davidovits reported results obtained from mixtures of metakaolin, limestone, and dolomite (the so-called geopolymers) [8]. In 1986, the results of Pavel Krivenko’s work using the rules governing the physical and mechanical properties of concrete prepared with alkaline activated slag had also been published [9].



Palomo [10] described the fly ash’s activation process with highly alkaline solutions. At the same time, Della M. Roy [5] published study results on alkali-activated cement, reviewed the history of their production and discussed, in addition to their present status, their compositions following the alkaline activation system as described earlier by Glukhovsky. These materials have been developed as an alternative to organic polymers.



Over the last two decades, much alkali-activated cement has been developed, using different technologies, and taking into account the environment and economic and geographical rationality [11,12]. Against this background of needed change and depending on the nature of the (CaO-SiO2-Al2O3 system), alkali-activated cement can be classified into three main categories [5]: (1) moderately calcium-rich cement, (2) low-calcium cement, and (3) hybrid cement [13]. It is possible to manufacture alkali-activated materials from two parts, i.e., a solid part (from a source of aluminium silicate) and an alkaline solution activator (from a source of caustic alkalis or alkaline salts) [14,15]. Moreover, several types of alumino-silicate resources are used to synthesize and develop these materials. The most common ones are metakaolin, blast furnace slag and fly ash [16].



Intensive research is currently being conducted on the development of alkali-activated material from mining waste [17]. It focuses on the reuse of waste materials by integrating them into the manufacture of new cementitious materials [18]. The European Union (EU) states and other countries have committed to the reuse of the mineral wastes as precursor materials for alkali-activated binders from an environmental, technical, and economic point of view [19]. In the mining sector, extremely fine particles are released during the extraction of ores and minerals from grinding, screening, or raw material processing. In general, these residues are deposited in wide impoundments [20]. The Panasqueira tungsten mining waste in Covilhã, district of Castelo Branco, Portugal shows a relatively good reactivity with alkaline activators, such as calcium hydroxide, high alkali concentration and mechanical strength through curing at room temperature [18,21]. First, the purpose of these studies was to create a new alkali-activated binder by reusing waste mud from a tungsten mining exploration (Panasqueira tungsten mine waste mud). Later, the activation was improved by mixing the waste mud (TMW) with a different source of silica (particularly, river sand and amorphous grounded waste glass) and cured at moderate temperatures [22,23,24]. Moreover, waste glass addition to slag-fly ash alkali activated binder systems was evaluated [25]. Fine silica powder has also been used to strengthen the mechanical properties of cement for a long time [26,27].



The incorporation of mining waste to produce construction products can become a key factor for a sustainable construction sector, which is facing the overexploitation of primary resources, whilst contributing to research and innovation projects to the circular economy strategy empowered by the European Commission (EC) [28].



Recently, alkali-activated foamed binders have been proposed as an innovative idea that involves lightweight materials. Several examples of alkali-activated foams obtained from different raw and waste materials have been reported in the literature [29,30]. To offset the negative impact of using cement in building construction, the European Commission (EC) aims to reduce emissions from the construction sector by 90% by 2050 [31]. The feasibility of using these new materials combine the performance, and the benefits of energy-saving (a lower carbon footprint) with the cradle-to-gate emission reductions obtained and which have been recently studied and highlighted in review papers [32,33]. Moreover, to reduce the density of the foamed alkali-activated materials [9] holes [34] or lightweight aggregates [35] can be added for such a purpose. Most lightweight foamed alkali activated-based materials produced for the construction sector present low density (300–1800 kg/m3) and can be favourably compared with the density of standard concrete at approximately 2400 kg/m3 [36,37]. It has several additional attractive advantages such as low thermal conductivity [38,39,40], high acoustic insulation capacity [41], and fire-resistance [42].



It is possible to produce alkali-activated foams using different raw materials and other techniques [43,44]. Pre-foaming and mixed-foaming are the two main methods [45]. For this purpose, a large type of foaming agent, as well as detergents, resin soap, glue resins, saponin, and hydrolyzed proteins such as keratin and similar materials, were produced [46]. Among the methods used for the manufacture of lightweight alkali-activated foamed materials is the thermal expansion of (Na, K)-poly (sialate-multisiloxo) with a ratio Si:Al >> 6 [16]. Al powder has been widely used as a chemical foaming agent to produce foams of inorganic polymers [47,48]. I. Beghoura et al. [49] recently used various alkali-activated mix designs for making alkali-activated foams with Al powder. The reaction between the aluminium metal powder and the alkaline activator takes place extremely quickly [34,36]. High alkalinity is known to catalyze the Al powder, then the reaction occurs, and hydrogen gas (H2) is released as represented in the Equation (1) [44,50].


2Al + 2NaOH + 2H2O → 2NaAlO2 + 3H2,



(1)







For non-structural applications, besides foaming, the density reduction of alkali-activated materials can be obtained using lightweight aggregate as an alternative to the standard weight granules, in which improved thermal insulating features are shown [51]. Alkali-activated materials with lightweight aggregates are usually produced with artificial aggregates such as expanded clay, expanded polystyrene (EPS) or granulated cork [52]. The use of granulated cork, as a lightweight aggregate, has been investigated in different industries. The fact that cork is a natural component has eco-efficient benefits in its application. A research project was created by [53] to examine the physical and mechanical properties of waste cork and investigate the possible advantages of using aggregates in concrete manufacturing [54]. Cork granules are of low density and are suitable as a lightweight aggregate for the manufacture of concrete and mortars (namely polymer-moulded mortars) with high thermal and acoustic insulating properties and excellent deformability [55]. Currently, cork has found a wide range of application in the building industry as a solution for lightweight, thermal insulation and due to its good environmental advantages [55]. Studies on the incorporation of cork granules in cement and alkali-activated materials manufacturing compatibility found that cork granules (both natural and expanded) are compliasnt with cement and alkali-activated binders up to 40% and can be applied to the hydration test results [32,56].



For most applications, cork must first be boiled to make it more pliable and then to completely enlarge the lenticels. In the beginning, cork cells collapse and wrinkle after boiling (for around 1-h,) and the gas present inside the cells expands to produce a very tight, uniform cell structure [54]. Expanded cork is made from the bark of the cork tree. Since the cork used to make expanded cork is of low quality (it usually contains a high percentage of wood), it is grounded down to 20 mm size granules and then it is steam-heated up to 400-°C for about 2-h (18 January 2016). Retrieved from http://www.corklink.com/index.php/about-cork/, (accessed on 19 June 2021).



Overall, it is evident from previous research attempts that it is important to consider the impact of mix design on both the alkali-activation reaction and the Al powder foaming reaction to control the porosity of the alkali-activated foam matrix. Therefore, this study aims to not only investigate the influence of expanded granulated cork (EGC) on the fundamental properties of alkali-activated lightweight foamed material, but also the expansion process (mixing procedure) and the parameters involved (expansion volume) by using several combinations of tungsten waste mud (TWM), waste glass (WG), metakaolin (MK) and incorporating EGC mixed with sodium silicate and sodium hydroxide, using aluminium powder (Al) as a foaming agent. This study evaluates the use of 10 vol.% to 40 vol.% cork particles as a substitution of the total of the precursors’ volume on the properties of alkali-activated lightweight foamed material (AA-LFM). The properties of the AA-LFM containing EGC is determined by investigating compressive strength, dry density, porosity, and expansion volume. Understanding these properties is useful to the widespread uptake of this new material.




2. Experimental Work


2.1. Materials


The materials used in this study consisted of TWM from Panasqueira mine in Covilhã, Portugal, grounded WG, MK, and EGC. Sodium hydroxide (SH) NaOH, and sodium silicate (SS) Na2SiO3 as a liquid solution, as well as aluminium powder (Al) as a foaming agent. The precursor used for alkali activation was dried at 80 °C for 24-h and then sieved afterwards into three different particles sizes (150 μm, 300 μm, and 500 μm) and were named P1, P2, and P3, respectively.



The TWM was collected from the Panasqueira tungsten mining waste mud deposit field, and it was sieved into three different particles sizes (150 µm, 300 µm, and 500 µm). The TWM is mainly composed of crystalline inclusions of quartz and muscovite [57]. Grounded waste glass (WG) was obtained by crushing and finely milling glass bottles. The WG was also sieved into sizes below 150 µm, 300 µm, and 500 µm. The waste glass was added to the mixtures as another source of silicate in the matrix. MK was provided by BASF with a Specific Gravity of 2.50 (g/cm3) and a pH = 6 (28% solids). The Mk particle sizes are under 80 µm.



The expanded granulated cork (EGC) used in this study was kindly provided by (SOFALCA—Sociedade Central de Produtos de Cortiça, Lda, Abrantes, Portugal). Cork particles under 2-mm and with density ranges from 70 to 80 kg/m3 were used. Scanning electron microscopy (SEM) micrographs of the expanded cork cell structure were analyzed through high-resolution images in the SEM (HITACHI S-3400N) at the Optical Centre of the University of Beira Interior (UBI) and are presented in Figure 1.



The aluminium powder (Al) used for the foaming process, provided by ACROS organics, had an average particle size of 75 microns, and a purity and molar mass of 99% and 26.98 Al, respectively.



The powders’ typical chemical compositions (TWM, WG, and MK) are shown in Table 1. The composition was determined from several samples through energy-dispersive spectrometry (EDS) at UBI’s Optical Centre.



A commercial sodium silicate Na2SiO3 (SS) solution with the composition SiO2/Na2O = 3.2 and Sodium hydroxide NaOH (SH) (with 98.6% purity) pellets dissolved in distilled water were mixed to constitute the alkali activators and were prepared at the laboratory of UBI. The activators’ chemical composition given by the suppliers (Quimialmel Quimicos e Minerais, Lda. José Manuel Gomes dos Santos, Lda.) is shown in Table 2.




2.2. Methods


Preparation of the precursor, activator and AA-LFM samples:



Several mixes of tungsten waste mud (TWM) were combined, with grounded WG and MK to produce alkali-activated tungsten-based. This was made using different precursors’ particle size and natural EGC, aiming at AA-LFM. Foaming was created by using aluminium powder (Al) as a foaming agent. As described in the next section, properties such as density, compressive strength, porosity, and expansion volume were determined of AA-LFM containing different percentages of cork particles (EGC).



The samples’ density was measured by dividing the dry mass by the volume (i.e., geometrical density). The average of 3 cubic specimens (40 × 40 × 40 mm3) was used for dry density measurements.



The expansion volume of the AA-LFM was obtained using Equation (2).


Ev = (Tv − Iv)/Tv ∗ 100



(2)







Ev: Expansion volume (%).



Tv: Total volume (cm3)—(height of sample at the end of the experiment).



Iv: Initial volume (cm3)—(height of sample at the start of the experiment).



2.2.1. Mixing Alkaline Solutions


The synthesis of the AA-LFM includes three steps: (a) preparation of the activation solutions, (10 M) sodium hydroxide (NaOH, SH) mixed with liquid sodium silicate (Na2SiO3, SS) (magnetic stirring at a rate of 500 r.p.m. for about 5 min). SH was first prepared and used in the formula after 24-h; (b) mixing of raw materials incorporating cork particles (dry powders and the Al powder). The precursors were prepared by dry mixing the powders: TWM, grounded WG and MK. Different amounts of Al powder from 0.009 w.% to 0.05 w.% were added to the precursors, and all dry components were initially mixed well by hand for 1 min to obtain a homogeneous distribution; and (c) moulding and curing the specimens after mixing the solid components with the alkaline activating solution, firstly for about 3 min at normal speed and then for 2 min at a fast speed. AA-LFM mixes were manufactured with P/A (Precursor/Activator ratio) = 2.3:1 of precursor/activator ratio when using precursor P1 (under 150 μm), above P/A = 2.6:1 when using precursors P2 and P3 (under 300 μm and 500 μm, respectively), and the same activators ratio of SS/SH = 3:1 to study the effects of incorporating expanded cork particles (EGC) using different precursors’ particle sizes on the expansion volume and other parameters, by adding an amount of Al powder changing from 0.009 w.% to 0.05 w.%.




2.2.2. Mix Design


Several combinations of AA-LFM with all varieties of precursors (P1, P2, and P3) were prepared by adding different percentages of EGC (10% to 40% volume of total precursors), with different amounts of Al powder, ranging from 0.009 w.% to 0.05 w.%. A total of 60 AA-LFM mixtures were prepared for this study as presented in Table 3. The mixes were poured into relatively large moulds (120 × 200 × 150 mm3)s, left to expand for about 30 min, and then the filled moulds were covered and placed to cure in the oven at 60-°C for 24-h to speed up the alkali reaction. After curing in the oven, the samples were removed from the mould and set aside to continue the curing in laboratory conditions over the following days until the testing of compressive strength at 28 days.



The use of precursor/activator ratio was determined with the ease with which it can produce the AA-LFM, mixing precursor (incorporating different percentages of cork particles) and the activator to ensure all components were adequately mixed—comprising cork particles from 10 vol.% to 40 vol.% by substitution of the precursor’s powders. Cork is anisotropic which means its properties are also anisotropic. The cork cells are closed and hollow and contain in their interior a gas slightly similar to air that plays an important role in their properties [51]. The porous aggregate (EGC) would demand extra water to be absorbed or kept in the cork’s cellular structure. For that, the selected P/A ratio was based on the 100 vol.% of precursor in addition to the percentage of cork’s particles replaced. Consequently, the same P/A ratio of the mixtures with different cork particles percentage shows another viscosity behaviour.






3. Results and Discussion


3.1. Compressive Strength


Compressive strengths of the AA-LFM containing different percentages of EGC particles for all precursors with varying particle sizes at 28 days are presented in Figure 2. As was expected, the compressive strength decreases with the change of the foaming agent and cork particles content of the AA-LFM. The highest values of compressive strength achieved for each precursor particle sizes were obtained when adding a small amount (0.009 w.%) of Al powder incorporating a different percentage of cork particles. It was observed that the compressive strength of the AA-LFM relatively increases with the change of the precursor particles’ sizes. In other words, changing the precursors’ particle size using the same Al powder amount show different compressive strength results. Precursor P1 (<150 µm) shows a high compressive strength value of 6.29 MPa, 5.77 MPa, 4.33 MPa and 3.47 MPa using 0.009 w.% of Al powder when adding 10 vol.%, 20 vol.%, 30 vol.%, and 40 vol.% of expanded granulated cork (EGC), respectively (as presented in Figure 2a). Precursor P1 is the smallest (increasing the percentage of the reactants of the precursor). For precursor P2 (<300 µm), the highest compressive strength results obtained using 0.009 w.% Al powder were 4.80 MPa, 3.88 MPa, 3.18 MPa and 2.48 MPa for samples containing 10 vol.%, 20 vol.%, 30 vol.%, and 40 vol.% of expanded cork (EGC), respectively, as shown in (Figure 2b). The highest compressive strength values obtained for precursor P3 (<500 µm) using 0.009 w.% Al powder were of 4.56 MPa, 3.83 MPa, 2.86 MPa and 2.56 MPa with different percentage of cork particles at 10 vol.%, 20 vol.%, 30 vol.%, and 40 vol.%, respectively, as presented in (Figure 2c). Furthermore, with the decrease of the density (the increase of cork particles content) compressive strength also decreases gradually.



On the other hand, it is noticed that precursor P1 which presents the smallest fraction (<150 µm), had higher compressive strength when compared to precursors P2 and P3 which have small fractions (<300 µm and <500 µm), respectively. i.e., more samples reacted due to more extensive available precursor’s surface (reactants). In other words, reducing the particle size of the powders increases the percentage of the precursor’s reactive compounds. The compressive strength is strongly affected by the porosity which indicate that the foaming process (chemical reaction) played a more significant role in the alkali-activated synthesis.




3.2. Strength Loss/Gain


Previous investigation using mining waste mud, I. Beghoura et al. [40], studied alkali-activated foams using different precursor particle sizes and showed that lower strengths were due to the increase of porosity which results in a gradual decrease in the compressive strength. In other words, alkali-activated foamed binders with high porosity leads to the loss of strength. A substantial decline in the samples compressive strength was observed when adding a higher amount of 0.05 w.% Al powder and the strength further decreases with the increase of Al powder. Nevertheless, the higher porosity foams (produced with 0.05 w.% Al powder) have a compressive strength of 4.25 MPa, 3.03 MPa, and 2.28 MPa for P1, P2, and P3, respectively. These results can be compared with the results obtained by others [34,43,48,58] using other sub-product and industrial wastes, i. e. metakaolin, fly ash, etc., as starting materials.



AA-LFM seems to be beneficial from the point of view of compressive strength showing relatively good compressive strength results of 2.04 MPa, 1.98 MPa, and 1.31 MPa for densities of 664 kg/m3, 722 kg/m3, and 753 kg/m3, ands expansion volume of 58.73%, 56.87%, and 54.16%s for P1, P2 and P3 precursors’ maximum particle size when incorporating 40 vol.% of cork particles, respectively. However, it is interesting that the collapsed samples present an increase in the compressive strength because of the decreasing of the porosity due to the failure of the samples’ expansion process. In the case of samples whose expansion process did not fail, AA-LFM was prepared using 0.05 w.% Al powder amount for P1s, and 0.04 w.% for P2 and P3s incorporating 40 vol.% cork particles with a compressive strength of 2.24 MPa, 2.30 MPa, and 1.66 MPa, respectively. This is roughly 10%, 16%, and 22% higher than samples prepared with a large amount of Al powder. This can explain that compressive strength is strongly affected by the porosity of the alkali-activated foams. Thus, the compressive strength results obtained using tungsten-based alkali-activated foams incorporating expanded cork particles are of the same or even higher level as other research results obtained with fly ash and MK [48,59].




3.3. Dry Density


The dry densities of the AA-LFM are presented in Figure 3. It was observed that the density was affected by tow parameters: the pores created by the foaming process with different amounts of Al powder and the changes of the cork particles in the mixtures. The lowest density obtained for precursors P1, P2 and P3 is 664 kg/m3, 722 kg/m3, 753 kg/m3, respectively, using 0.04 w.% Al powder in case of the precursor P1 and above 0.03 w.% Al powder for precursors P2 and P3. It is noticed that the lowest density is obtained through the changes of Al powder amounts as a result of adding cork particles at 40 vol.% for all different precursor’s particle sizes. Furthermore, the density showed superior values when adding 0.05 w.% Al powder as in P1 and 0.04 w.% Al powder added to P2 and P3 because the AA-LFM mixtures show a collapse of the samples.



Figure 4 demonstrates the differences between the various AA-LFM mixes by projecting their compressive strength versus dry density. It is not unexpected that the density reduction of the AA-LFM samples achieved by using Al powder as a foaming agent, and incorporating cork particles, has a significant effect on the decrease of the compressive strength. Yet, it has been found that samples with lower porosity show higher compressive strength and densities. As expected, in comparison to results found by I. Beghoura et al. [40], density reduces for increasing expanded cork particles content (below 900 kg/m3). The lowest density was found in the mixture with 40 vol.% expanded cork particles (664 kg/m3, 722 kg/m3, 753 kg/m3, for precursors P1, P2 and P3, respectively). Overall, an increase in cork particles content led to lower density.




3.4. Expansion Volume


It was reported that the expansion of the AA-LFM mixes for all samples with the different precursors’ particle sizes using Al powder mainly took place in the first 1 h. As expected, the increase of aluminium powder (Al) leads to the rise of the expansion volume percentage, which means that the foaming agent amount enhances the number and the pore sizes of the AA-LFM produced. The precursor P1 shows a typical expansion volume for all the samples when adding Al powder from 0.009 w.% to 0.04 w.%, with a higher expansion volume of 55.90%, 53.84%, 59.42%, and 58.73% when adding 10 vol.%, 20 vol.%, 30 vol.%, and 40 vol.% of EGC, respectively (as presented in Figure 5a). On the other hand, precursor P1 shows that the samples’ collapse when adding 0.05 w.% of Al powder in the mixtures as indicated with an arrow (Figure 6a). For precursor P2 the expansion volume increases changes by 51.94%, 52.29%, 47.82%, and 56.87% for all samples containing 10 vol.%, 20 vol.%, 30 vol.%, and 40 vol.% EGC, respectively, when adding Al powder from 0.009 w.% to 0.03 w.% as outlined in (Figure 5b). Precursor P2 shows that the samples’ collapse when adding 0.4g and 0.05 w.% of Al powder in the mixtures (see Figure 6b). For P3 the expansion volume when adding Al powder from 0.1 g to 0.3g increases changes by 43.45%, 52.43%, 56.62%, and 54.16% when adding 10 vol.%, 20 vol.%, 30 vol.%, and 40 vol.% of EGC, respectively, as reported in Figure 5c. However, precursor P3 shows a collapse (as indicated with arrows) of the samples when adding 0.04 w.% and 0.05 w.% of Al powder amount in the mixtures (as presented in Figure 6c).



The cross-section of the different AA-LFM specimens with all precursors (P1, P2, and P3) obtained using different amounts of Al powder and different percentages of cork particles are presented in Figure 6. It was observed that during the expansion process the increase of the Al powder dosage leads to a rise in the volume of the samples. Moreover, the fast expansion period ends earlier when adding a more significant amount of Al powder as a foaming agent (due to the quicker reaction between Al powder and the catalyzer NaOH). On the other hand, the expansion volume was also affected by the precursor’s fineness (particles size of P1, P2, and P3). P1, with the smallest particles size, showed a higher expansion volume than P2 and P3 because there was not enough free space between the inner part of the precursor’s particles to allow the gas produced through the chemical reaction of Al powder to be released without increasing the mixture (creating pores) in the structure.



The failure modes (collapse of samples) during the expansion process of AA-LFM (as referred to with arrows in Figure 6a–c) can be explained due to three main reasons: (1) the differences existing in terms of mixtures viscosity could play a role in the collapse of the samples, i.e., the replacement of fine powders with a different percentage of cork particles could change the viscosity of the mixtures (cork particles have a porous structure that absorbs water. It was also observed that mixtures made using precursor P1, with a smaller particle size of powders are more viscous and shows a typical expansion with Al powder when changed from 0.009 w.% to 0.04 w.%. when using precursors P2 and P3 which have a slightly big particle size of powders shows a typical expansion when adding Al powder from 0.009 w.% to 0.03 w.%; (2) the rapid and intensive reaction, when adding a high amount of foaming agent in the mixtures, shows a fast expansion period and larger gas volume generated; and, (3) The aggregation of cork particles on the top of the samples’ surface could be the reason for the collapse behaviour due to the rise of cork particles with gas generated in the direction of the expansion during the Al powder reaction with the NaOH of the AA-LFM samples.



Furthermore, it was observed that cork particles rise in the direction of the expansion process and that many cork grains (particles) were aggregated on the top part of the specimens because of the exceptionally light density of cork particles as indicated with red lines in (Figure 7a–c).




3.5. Pore Sizes and Cork Particles’ Distributions


Figure 8 presents images of the central foam section of random AA-LFM specimens obtained with the different precursors’ P1, P2, and P3 particle sizes and using different amounts of Al powder (small and large amounts) and incorporating expanded granulated cork (EGC) with different percentages (10% and 40% volume of total precursors). It was observed that the formation of large pores appears to be more dependent on Al powder. The pores morphology is influenced by the amount of Al powder used in the foaming reaction. Several pores with a diameter up to 1 mm or 2 mm were formed when using a small amount of Al powder, while large pores (over 2 mm in diameter) were formed when using a large amount of Al powder. It clearly shows that they have a macrostructure with irregular spherical macrospores derived from the foaming process. In other words, the increase of Al powder content enlarges the pore size of the samples of the AA-LFM. Cork particles are randomly distributed in the samples. The cork’s particles percentage incorporated as well as the amount of Al powder affects the morphology of the pores (shape and diameter) and their distribution (regularity).



Furthermore, from a previous study [32], Figure 9 shows an example of SEM micrographs for pore sizes and cork particles distribution. The SEM study was performed using high-resolution images obtained using the SEM (HITACHI S-3400N) at the UBI Optical Centre to investigate the foam’s microstructure. Pore sizes in foamed samples shows a tinier pores and larger deep voids with a diameter up to 4 mm. In this case, the proportions of pores in the samples is relatively uniform. When the amount of Al powder in the paste is minimal, the pores are usually closed and almost spherical (see Figure 8).



3.5.1. Effect of Al Powder Addition


It can be observed that the increase of Al powder amount enlarges the pore size of the samples of the AA-LFM. Moreover, the reaction between the Al metal powder and the alkaline activator (NaOH) occur extremely fast when significant quantities of a foaming agent are added. Therefore, the expansion time decreases. On the one hand, the gas released from the reaction between Al powder and the catalyzer (NaOH) in the mixtures presents a volume that depends on the amount of Al powder added. In other words, a specific amount of Al powder generates a particular volume of hydrogen gas. The dissolution and synthesis reaction should be accelerated and should somehow increase the speed of hydrogen gas release, and this will result in a violent reaction which, in turn, should cause a higher volume expansion. In contrast, mixtures made incorporating different cork particles show different viscosities, and these change slightly with the alteration of the percentage of cork particles from 10 vol.% to 40 vol.%.




3.5.2. Effect of Cork Addition


It was observed that the expansion behaviour of AA-LFM is different under some specific conditions. Incorporating cork particles by eliminating a part of fine powders in the precursor (replacement of these powders with cork particles ranges from 0 to 2 mm) reduces the volume of powders that are often responsible for keeping the gas emitted during the reaction with Al powder. Furthermore, during the foaming reaction, besides the expansion, the volume of gas produced with a large amount of Al powder created a lot of bubbles inside the mixtures and was followed by the collapse of the samples when adding 0.05 w.% Al powder in the case of precursor P1, and when adding an amount of 0.04 w.% and 0.05 w.% Al powder in the case of precursors P2 and P3.



On the other hand, the accumulation of many cork particles on the surface of the AA-LFM samples due to their rise during the release of the gas generated by the reaction of Al powder’, also influence and is followed by the collapse of the samples.






4. Conclusions


In this study, innovative alkali-activated lightweight foamed materials AA-LFM based on tungsten mining waste mud (TWM) incorporating expanded granulated cork (EGC) were investigated through a chemical foaming method using aluminium powder (Al). The research results confirm that the development of enhanced density-based alkali-activated lightweight foamed material (AA-LFM) produced have relatively good mechanical properties. The following findings were made:




	
Compressive strength showing relatively good results of 2.04 MPa, 1.98 MPa, and 1.31 MPa for densities of 664 kg/m3, 722 kg/m3, and 753 kg/m3, with expansion volumes of 58.73%, 56.87%, and 54.16%s for P1, P2 and P3 precursors’ maximum particle size incorporating 40 vol.% of cork particles, respectively.



	
The compressive strength of the AA-LFM is strongly affected by the increase of Al powder amount and slightly with the change of cork particles content.



	
Highly porous foams were produced when using the Al powder as a blowing agent. It is found that the density decreases as expanded granulated cork (EGC) particles content increase due to the low density of cork particles.



	
The lowest density obtained for P1, P2 and P3 is 664 kg/m3, 722 kg/m3, 753 kg/m3, respectively, using 0.04 w.% Al powder in the case of precursor P1 and 0.03 w.% Al powder for precursors P2 and P3.



	
For each precursor particle size, the density obtained through the changes in the amount of Al powder and as a result of adding cork particles at 40 vol.% showed superior values when adding 0.05 w.% Al powder as in P1 and 0.04 w.% Al powder as in P2 and P3; the collapsed samples present an increase in the compressive strength because of the decrease of the porosity through the failure of the samples expansion process.



	
The expansion volume obtained from Al powder catalysed by the NaOH with the ratio SS; SH = 3.1 is about 55.90%, 53.84%, 59.42%, and 58.73% for precursor P1 (<150 µm), 51.94%, 52.29%, 47.82%, and 56.87% for precursor P2 (<300 µm) and 43.45%, 52.43%, 56.62%, and 54.16% for precursor P3 (<150 µm) when incorporating 10 vol.%, 20 vol.%, 30 vol.%, and 40 vol.%, respectively.



	
Typical self-foaming (chemical foaming) was observed in alkali-activation of different precursors’ particles size incorporating different cork particles’ percentage under 2 mm.



	
Adding a large amount of Al powder was followed by the collapse of the samples when adding 0.05 w.% Al powder in the case of precursor P1 and when adding 0.04 w.% and 0.05 w.% of Al powder in the case of precursors P2 and P3.
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Figure 1. Scanning electron microscopy (SEM) micrographs of cell structure at high (left) and low (right) magnification of the expanded granulated cork (EGC). 
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Figure 2. Compressive strength results versus cork particles percentage with different amounts of Al powder at 28 days; (a) P1 (<150 µm), (b) P2 (<300 µm), and (c) P3 (<500 µm). 
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Figure 3. Dry density versus Al powder amount changes for samples with different percentage of cork particles; (a) P1 (<150 µm), (b) P2 (<300 µm), and (c) P3 (<500 µm). 
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Figure 4. Correlation between dry density and compressive strength in the AA-LFM using Al powder varying from 0.009 w.% to 0.05 w.%; (a): P1 (<150 µm), (b): P2 (<300 µm), and (c): P3 (<500 µm). 
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Figure 5. Expansion volume versus cork particles using different amount of Al powder; (a) P1 (<150 µm), (b) P2 (<300 µm), and (c) P3 (<500 µm). 
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Figure 6. Expansion mode with Al powder content from (0.009 w.%, left) to (0.05 w.%, right); (a) P1 with 40% cork, (b) P2 with 10% cork and (c) P3 with 10% cork. 
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Figure 7. Cross-section of AA-LFM versus cork particles content using 0.009 w.% Al; (a) P1F1Cn*, (b) P2F1Cn* and (c) P3F1Cn*. Where (*n: 10 to 40% cork). 
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Figure 8. Photographs of the samples’ central foam section with a small (0.009 w.%) and large (0.05 w.%) amount of Al powder AA-LFM. 
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Figure 9. SEM micrographs for pore sizes and cork particles distribution in the alkali-activated foam matrix with Al powder [32]. 
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Table 1. Chemical composition of tungsten waste mud (TWM), waste glass (WG) and metakaolin (MK) obtained by scanning electron microscopy/energy-dispersive spectroscopy (SEM/EDS).
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	Chemical Compound
	TWM (%)
	WG (%)
	MK (%)





	SiO2
	46.67
	68.13
	52.28



	Al2O3
	17.01
	2.80
	42.99



	Fe2O3
	15.47
	2.90
	1.49



	SO3
	7.90
	0.23
	-



	K2O
	4.90
	0.86
	0.94



	Na2O
	0.85
	12.52
	0.32



	CaO
	0.69
	10.52
	-



	MgO
	4.83
	2.04
	0.47







Metakaolin—(BASF- the chemical company).
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Table 2. Chemical composition of the activators.
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Oxide/Materials

	
Chemical Composition of the Activators (g)




	
Sodium Silicate (SS)

	
Sodium Hydroxide (SH)






	
Na2O

	
19.37

	
13.02




	
SiO2

	
62.60

	
0.00




	
Al2O3

	
0.90

	
0.00




	
H2O

	
142.32

	
43.27
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Table 3. Detailed composition of alkali-activated lightweight foamed materials (AA-LFM).
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Precursors’ Particle Sizes (µm)

	
Precursors (%)

	
Cork Particles (Vol.%)

	
Al Powder (w.%)

	
(SS/SH)

	
(P/A) *




	
TWM

	
WG

	
MK

	
0.009%

	
0.02%

	
0.03%

	
0.04%

	
0.05%

	
(g)






	
P1

	
70

	
20

	
10

	
10%

	
P1F1C1

	
P1F2C1

	
P1F3C1

	
P1F4C1

	
P1F5C1

	
3;1

	
2.3




	
20%

	
P1F1C2

	
P1F2C2

	
P1F3C2

	
P1F4C2

	
P1F5C2

	
3;1




	
(<150 µm)

	
30%

	
P1F1C3

	
P1F2C3

	
P1F3C3

	
P1F4C3

	
P1F5C3

	
3;1




	
40%

	
P1F1C4

	
P1F2C2

	
P1F3C4

	
P1F4C4

	
P1F5C4

	
3;1




	
P2

	
70

	
20

	
10

	
10%

	
P2F1C1

	
P2F2C1

	
P2F3C1

	
P2F4C1

	
P2F5C1

	
3;1

	
2.6




	
20%

	
P2F1C2

	
P2F2C2

	
P2F3C2

	
P2F4C2

	
P2F5C2

	
3;1




	
(<300 µm)

	
30%

	
P2F1C3

	
P2F2C3

	
P2F3C3

	
P2F4C3

	
P2F5C3

	
3;1




	
40%

	
P2F1C4

	
P2F2C2

	
P2F3C4

	
P2F4C4

	
P2F5C4

	
3;1




	
P3

	
70

	
20

	
10

	
10%

	
P3F1C1

	
P3F2C1

	
P3F3C1

	
P3F4C1

	
P3F5C1

	
3;1

	
2.6




	
20%

	
P3F1C2

	
P3F2C2

	
P3F3C2

	
P3F4C2

	
P3F5C2

	
3;1




	
(<500 µm)

	
30%

	
P3F1C3

	
P3F2C3

	
P3F3C3

	
P3F4C3

	
P3F5C3

	
3;1




	
40%

	
P3F1C4

	
P3F2C2

	
P3F3C4

	
P3F4C4

	
P3F5C4

	
3;1








* P/A: precursor/activator ratio; SS: sodium silicate; SH: sodium hydroxide.
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